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Abstract
Relativistic bipartite entangled quantum states is studied to show that Nature
doesn’t favor nonlocality for massive particles. We found that to an observer
(Bob) in a moving frame S0, the entangled Bell state shared by Alice and
Bob appears as the superposition of the Bell bases in the frame S0 due to
the requirement of the special relativity. When Alice measures her spin in
the positive z-direction at t = τ , it was shown that Bob’s spin state is still
undetermined in contrast to the non-relativistic case, thus providing a counter
example for nonlocality of Einstein-Podolsky-Rosen(EPR) paradox.
Entanglement of bipartite quantum states is of fundamental interest for quantum infor-
mation processing such as quantum computation [1]{ [7], teleportation [8]{ [11] and clock
synchronization [12]{ [14]. How does the entangled quantum states appear to an observer in





synchronization problem related to the quantum entanglement. Another unsolved problem,
perhaps more important than the above one, is the violation of the local causality in quantum
mechanics by measurement process, so called, the Einstein-Podolsky-Rosen(EPR) paradox
[15] and the Bell’s theorem [16], suggesting the existence of an instantaneous action between
distant measurements. This subtle questions still remain to be answered even though there
have been several works [17]{ [19] relating the relativity, entanglements and the quantum
operations.
One of the conceptual barriers for the relativistic treatment of quantum information
processing is the dierence of the role played by the wave elds and the state vectors in
the quantum eld theory. In non-relativistic quantum mechanics both the wave function
and the state vector in Hilbert space give the probability amplitude which can be used to
dene conserved positive probability densities or density matrix. On the other hand, in
relativistic quantum eld theory, the wave elds are not probability amplitude at all, but
operators which create or destroy particles in spanned by states dened as containing denite
numbers of particles or antiparticles in each normal mode [20]. Moreover, there has been
a quandary [17]{ [19] whether the quantum states are Lorentz covariant but according to
Weinberg [20], the quantum states viewed from dierent reference frames can be represented
by the Lorentz transformation.
Recently, Alsing and Milburn [21] studied the Lorentz invariance of entanglement and
showed that the entanglement delity of the bipartite state is preserved explicitly. To the
best of our knowledge, their work is the rst detailed calculation of the relativistic quantum
entanglement of bipartite state. However, in their approach, it is not quite clear whether the
entanglement is for the quantum state or the quantum elds because they started from the
entanglement between the 4-spinors for the Dirac eld. In quantum eld theory, the role of
the eld is to make the interaction or the S-matrix satisfying the Lorentz invariance and the
cluster decomposition principle. On the other hand, the information of the particle states is
contained in the state vectors of the Hilbert space spanned by states containing 0, 1, 2,    ,
2
particles as in the case of non-relativistic quantum mechanics [20].
In this article, we study the Lorentz transformation properties of entanglement of bipar-
tite quantum states in the Hilbert space and provide the counter example for the nonlocality
of the EPR paradox. Throughout the article, we follow Weinberg’s notation [20]. A multi-
particle state vector is denoted by
Ψp1,σ1;p2,σ2; = a
+(~p1, σ1)a
+(~p2, σ2)   Ψ0, (1)
where pi labels the four-momentum, σi is the spin z component, a
+(~pi, σi) is the creation
operator which adds a particle with momentum ~pi, and spin σi, and Ψ0 is the Lorentz
invariant vacuum state. The Lorentz transformation  induces a unitary transformation on
vectors in the physical Hilbert space
Ψ ! U()Ψ, (2)
and the operators U satises the composition rule
U()U() = U(), (3)







D(j)σσ(W (, p))a+( ~p, σ). (4)
Here, W (, p) is the Wigner’s little group element given by
W (, p) = L−1(p)L(p), (5)
D(j)(W ) the representation of W for spin j, pµ = (~p, p0) and (p)µ = ( ~p, (p)0) with
µ = 1, 2, 3, 0, and L(p) is the standard Lorentz transformation such that
pµ = Lµν (p)k
ν , (6)
where kν = (0, 0, 0, m) is the four-momentum taken in the particle’s rest frame.
The relativistic momentum-conserved entangled Bell states for spin 1
2
particles in the


















































where Ψ0 is the Lorentz invariant vacuum state. It is straightforward to see that the
momentum-conserved Bell states (7a) − (7d) have both the space inversion (P) and the
time-reversal (T ) symmetries.
For an observer in another reference frame S 0 described by an arbitrary boost , the
transformed Bell states are given by
Ψij ! U()Ψij . (8)
























































(W (,Pp))a+(~p, σ)a+(~p, σ0)gΨ0 (9)
and so on. Here P is the space-inversion operator. For simplicity, we assume that ~p is in




1 0 0 0
0 1 0 0
0 0 cosh η sinh η








1 0 0 0
0 1 0 0
0 0 cosh η − sinh η








cosh ω 0 0 sinh ω
0 1 0 0
0 0 1 0




where η and ω are the boost in z- and x-directions, respectively. The matrix representation








































where the Wigner angle Ωp is dened by [21]
tanΩp =
sinh η sinh ω
cosh η + cosh ω
. (12)


































fcos ΩpΨ000 − sin ΩpΨ011g, (13a)
where Ψ0ij is the Bell states in the moving frame S 0 whose momentums are transformed as














fsin ΩpΨ000 + cos ΩpΨ011g. (13d)
In the work of Alsing and Milburn [21], they studied the Lorentz transformation of
entangled four-spinors of the Dirac eld and suggested that an observer S 0 travelling along
the x-direction with constant velocity with respect to an observer S in the rest frame will
observe a rotation of the spins in the direction of the boost by an angle Ωp. However, as
we mentioned earlier, the particle states should be represented by the physical state vectors
in Hilbert space and not by the quantum elds. Fields are introduced by the requirement
that the S-matrix (or the interaction) satisfy Lorentz invariance and cluster decomposition
principle. If we regard Ψ0ij as Bell states in the moving frame S
0, then to an observer in
S 0, the eects of the Lorentz transformation of the bipartite entangled Bell states should
appear as the superpositions of Bell states in the frame S 0.
The implications could be non trivial. One of the controversies in modern physics is the
violation of the local causality of relativistic quantum eld theory during the measurement
process [22]. This is based on the EPR paradox [15] and the Bell’s theorem [16], which
suggest the existence of nonlocal instantaneous action between distant measurements. In
the following, we investigate whether a supposed nonlocality is a real physical property of
the quantum theory, more specially, the result of state collapse description by studying the
case of an entangled state shared by Alice and Bob in the relativistic regime. For example,
consider Alice in the frame S and Bob in the frame S 0 (initially coincide with S) moving
in the x-direction share entangled pair of atoms whose electrons have opposite momentum
prepared at certain time t = 0. At time t = 0, the entangled state shared by Alice and Bob



















Here A and B denote particles belong to Alice and Bob, respectively. When the reference
frame S 0 where Bob is in, is moving, the Lorentz boost  will aect only the Alice’s state
and as a result the global unitary transformation can be written as
UAB = UA()⊗ IB, (15)
where UA() is the unitary transformation representing the Lorentz boost upon Alice. Then





















































































Now Alice performs the measurement of the spin in the +z direction at time t = τ . Since the
Bell state UAB()Ψ
AB
00 viewed from Bob in the frame S
0 is a linear combination of Ψ0AB00 and
Ψ0AB11 , when Alice measures her spin in the positive z direction, Bob’s spin state is still a linear
combination of j+ 1
2
i and j− 1
2
i. This leaves Bob’s spin direction undetermined contradicting
the EPR paradox. On the other hand, in the non-relativistic quantum mechanics, Bob’s
quantum state is determined instantaneously as a result of collapse when Alice does her
measurement which results in the violation of the Bell inequality or the EPR paradox [23].
One might ask the validity of our result since there are experimental evidences [24]{ [26]
showing the violation of Bell’s inequality which suggests that reality is nonlocal. So far the
experiments that test Bell’s inequality are done with entangled photons which are massless,
not with spin- 1
2
massive particles. It is interesting to note that the representation of the
Wigner’s little group W for the massless particle is diagonal [20], i.e.,
7
Dσσ′(W ) = exp(iθσ)δσ′σ, (17)
where θ is the angle related to the Lorentz boost . So the form of the entanglement is left
invariant even after the Lorentz boost and this will give the similar results as in the case
of non-relativistic quantum mechanics. However, for massive particles, it doesn’t look like
that Nature favors nonlocality suggested by the EPR paradox if one wants to reconcile the
principles of quantum mechanics with those of special relativity.
In conclusion, we studied the Lorentz transformation of the bipartite entangled quantum
states explicitly and found that to an observer in a moving frame, the Bell states appear
as rotations (or linear combination) of the Bell bases in that frame. It turns out that the
superposed nature of the Lorentz transformed Bell states could serve as a counter example
for the nonlocality of EPR paradox.
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